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This invention was made with Government support under Contract 
Number F33657-91-C-0006 awarded by Boeing Military Aircraft. The United 
States Government may have certain rights in this invention. 



10 BACKGROUND OF THE INVENTION 

[0001] The present invention generally relates to apparatus and method for 
compressing a fluid (e.g., a gas such as air) at high temperature (i.e., greater 
than or equal to about 350°F) and high pressure (i.e., greater than or equal to 

15 about 2000 pounds per square inch). More specifically, the present invention 
relates to apparatus and methods relating to piston rings for use in compressors 
operated to produce high pressure fluids at high temperatures. 
[0002] Air compressors used to produce high pressures in excess of 2000 
psi, which may exceed 5000 psi, at high temperatures in excess of 350 °F may 

20 be utilized in, for example air-recharge systems on an aircraft. Air-recharge 
systems may be used to provide emergency power to the aircraft. Accordingly, 
air compressors used in these systems may need to be reliable, and may need 
to have a relatively long operational life time in excess of 10 years of service. 
However, the extreme temperatures and pressures of such service may not be 

25 conducive to such long operational lifetimes. 

[0003] The basic operational principle of such fluid reciprocating pumps or 
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air compressors is to draw fluid into a cylinder through a one-way valve by linear 
movement of a piston sliding in sealed relationship within the cylinder and then 
to expel the fluid from the cylinder through a further one-way valve by reversing 
the direction of movement of the piston within the cylinder. The cylinder may be 
5 defined by a cylinder wall, the piston being reciprocally mounted within the 
cylinder, a crankshaft being coupled to the piston, and arranged such that 
rotational movement of crankshaft causes reciprocating axial movement of the 
piston within the cylinder. The piston disposed in the cylinder may thus define 
an annular cavity between the piston and the cylinder wall. 

10 [0004] A compressor useful to compress a fluid (e.g., a gas such as air) to 
pressures in excess of 2000 psi at temperatures in excess of 350°F may 
comprise a plurality of cylinders. The cylinders may be arranged in serial 
communication, with the first in the series receiving the lowest pressure intake 
(e.g., atmospheric pressure), and exhausting to the intake of another cylinder in 

15 the series. Accordingly, each cylinder may increase the pressure and the 
temperature of the fluid until the final stage wherein the high pressure, high 
temperature fluid is discharged from the compressor, for example into a storage 
vessel. 

[0005] Because the diameters of the piston and the receiving cylinder bore 
20 differ, a sealing arrangement is needed. One approach to sealing the annular 
cavity at the piston/cylinder interface is to size the piston to be fit in the cylinder 
such that the cavity is sealed with a film of lubricant such as an oil film. This 
approach may use oil from a sump, which enters the cylinder on the side of the 
piston away from the fluid being pumped or compressed. Generally, an oil 
25 scraper is provided to recirculate oil spread up the wall of the cylinder back to 
the sump via the interior of the piston. However, sealing at temperatures above 
350°F and pressures in excess of 2000 psi may become difficult due to thermal 
expansions of the cylinder wall and piston, along with viscosity breakdown of 
the lubricating oil. 

30 [0006] An approach to sealing the piston/cylinder interface that does not 
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rely on an oil film is to provide the piston with one or more circumferential 
grooves within an upper end of the piston. Piston rings are installed in these 
grooves, which rings have a slightly larger outer diameter than the piston. The 
piston rings generally bear directly against the cylinder wall and create a seal 
5 between the sides of the piston ring groove and the cylinder wall. The ends of 
the piston ring may be tapered and/or fitted to interlock, such that when the 
piston ring is installed on a piston which is sealingly fit within a cylinder, 
essentially no gap is present between the piston ring ends. 
[0007] The degree to which the piston ring and the cylinder wall of a 

10 compressor contact one another can vary significantly due to disparate thermal 
expansions, thermal deformations, inlet and outlet pressures, and the like. 
Such forces may have a limiting effect on the usefulness of a piston ring and/or 
a cylinder. Under temperatures in excess of about 350°F and final pressures 
over about 2000 psi, especially in the absence of external lubrication, a piston 

15 ring may wear to a point such that the compressor is unable to achieve a high 
pressure. Such high pressure and high temperature may also cause the 
cylinder walls to become scored, thus limiting the usefulness of the compressor. 
Accordingly, compressors operated to deliver relatively high outlet pressures 
(e.g., pressures in excess of 2000 psi) at relatively high temperatures (e.g., 

20 temperatures exceeding about 350° F), may demonstrate piston rings that wear 
quickly, or cylinder bores which become scored by, for example, dry running of 
piston rings (i.e., without an external lubricant) therein. Thus, operation of 
compressors at relatively high outlet pressures and at relatively high 
temperatures may substantially limit the useful lifetime of a piston ring, and/or of 

25 the compressor itself. 

[0008] As can be seen, there is a need for a piston ring that will prevent 
premature wear, and/or scoring of the cylinder bore, and which can provide for 
compression of a fluid over 2000 psi at temperatures greater than or equal to 
about 350°F. 

30 
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SUMMARY OF THE INVENTION 

[0009] In one aspect of the present invention a piston ring comprises: a top 
surface separated from a bottom surface by a height; an inside surface 
5 connecting the top surface to the bottom surface; an outside surface connecting 
the top surface to the bottom surface; the inside surface being separated from 
the outside surface by a thickness; a gap extending completely through the ring 
from the top surface to the bottom surface and from the outside surface to the 
inside surface when the piston ring is on a piston; the gap characterized by a 

1 0 gap width that is about 1 .4 to about 2.0 times greater than the thickness. 

[0010] In another aspect of the invention, a piston ring comprises: a top 
surface separated from a bottom surface by a height; an inside surface 
connecting the top surface to the bottom surface; an outside surface connecting 
the top surface to the bottom surface; the inside surface being separated from 

15 the outside surface by a thickness, wherein the height is about 4.5 to about 6.4 
times larger than the thickness; a gap extending completely through the ring 
from the top surface to the bottom surface and from the outside surface to the 
inside surface when the ring is installed on a piston; and the piston ring having a 
ductility to allow the piston ring to be positioned on the piston without the piston 

20 ring becoming cracked, fractured, or bent into a second shape different from a 
first shape which characterized the piston ring prior to being positioned on the 
piston. 

[0011] In still another aspect of the present invention, a gas compressor 
apparatus comprises: a cylinder; a piston reciprocally mounted within the 
25 cylinder; a piston ring positioned about the piston, the piston ring having: a gap 
that is characterized by a gap width that is about 1.4 to about 2.0 times greater 
than a thickness of the piston ring when the piston ring is installed on the piston; 
and wherein a height of the piston ring is about 4.5 to about 6.4 times larger 
than the thickness. 

30 [0012] In a still further aspect of the present invention, a gas compressor 
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apparatus comprises: a cylinder; a piston reciprocally mounted within the 
cylinder; a piston ring positioned about the piston, the piston ring comprising a 
top surface connected to an outside surface though a leading edge, the leading 
edge characterized by an arc having a radius of curvature of less than or equal 
5 to about 4 times the height; and wherein the piston ring is formed of a material 
comprising about 64 wt% to about 68 wt% cobalt, about 26 wt% to about 30 
wt% chromium, about 3.5 wt% to about 5.5 wt% tungsten, and about 0.5 wt% to 
about 2 wt% carbon. 

[0013] In yet another aspect of the present invention, a method of sealing a 
10 piston at a temperature up to about 450°F at a pressure up to about 5000 psi, 
comprises: positioning a piston ring about a piston, mounting the piston within a 
cylinder such that the piston ring is sealingly engaged with a wall of the cylinder; 
the piston ring having: a gap that is characterized by a gap width that is about 
1.4 to about 2.0 times greater than a thickness of the piston ring when the 
15 piston ring is installed on the piston; a height that is about 4.5 to about 6.4 times 
larger than the thickness; a top surface connected to an outside surface through 
a leading edge, the leading edge characterized by an arc having a radius of 
curvature of less than or equal to about 4 times the height; and the piston ring is 
formed of a material comprising about 64 wt% to about 68 wt% cobalt, about 26 
20 wt% to about 30 wt% chromium, about 3.5 wt% to about 5.5 wt% tungsten, and 
about 0.5 wt% to about 2 wt% carbon. 

[0014] These and other features, aspects and advantages of the present 
invention will become better understood with reference to the following 
drawings, description and claims. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a partial, perspective view of a piston ring according to an 
embodiment of the present invention; 
30 [0016] FIG. 2 is a top, plan view of the piston ring shown in FIG. 1 ; 
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[0017] FIG. 3 is a side view of the piston ring shown in FIG. 1 ; and 

[0018] FIG. 4 is a partial detail of the portion A of the piston ring shown in 

FIG. 3. 

5 DETAILED DESCRIPTION OF THE INVENTION 

[0019] The following detailed description is of the best currently 
contemplated modes of carrying out the invention. The description is not to be 
taken in a limiting sense, but is made merely for the purpose of illustrating the 
10 general principles of the invention, since the scope of the invention is best 
defined by the appended claims. 

[0020] Broadly, the present invention generally provides a piston ring for 
use at temperatures above about 350°F, and pressures above about 2000 psi. 
In an embodiment, the piston ring of the present invention may have a gap 

15 between its distal ends that is about 1.4 to about 2.0 times greater than a 
thickness of the ring when the piston ring is installed on a piston. This is in 
contrast to the prior art wherein the piston rings may be dimensioned such that 
no gap is present between distal ends of the installed piston ring, such as when 
the distal ends of the piston ring actually overlap through a tapered or other 

20 arrangement when the ring is installed on a piston. Also, the piston ring of the 
present invention may have a height that is about 4.5 to about 6.4 times larger 
than its thickness. This too is in contrast to the prior art, wherein the thickness 
of the piston ring may be in excess of the height. Further, the present piston 
ring may have a leading edge characterized by an arc having a radius of 

25 curvature of less than or equal to about 4 times the height. The piston ring thus 
may have a sharp transition between the outside surface and the top surface. 
This too is in contrast to the prior art, wherein the leading edge of the piston ring 
may not be well defined, or wherein the outer surface of the piston ring defines 
an arc from the bottom surface to the top surface of the piston ring. Still further, 

30 the present piston ring may have a ductility to allow the piston ring to be 
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installed (e.g., positioned on a piston) without the piston ring becoming cracked, 
fractured, or bent into a second shape that is different from a first shape, which 
characterized the piston ring prior to it being positioned on the piston. This also 
is in contrast to the prior art, wherein rings lacking ductility retain stress caused 
5 by ring installation (residual stress), which may contribute to piston ring failure. 
[0021] In more specifically describing the present invention, FIG. 1 shows a 
perspective representation of an embodiment of a piston ring 10 for use in a 
compressor (not shown) as described herein. The piston ring 10 can be 
essentially circular in shape except for a discontinuous section that may form a 

10 gap 12 in the ring 10. The piston ring 10 may comprise a top surface 14 
separated from a bottom surface 16 by a height 18, an inside surface 20 
connecting the top surface 14 to the bottom surface 16, an outside surface 22 
connecting the top surface 14 to the bottom surface 16, and the inside surface 
20 separated from the outside surface 22 by a thickness 34. In one 

15 embodiment, the top surface 14 and the bottom surface 16 may be essentially 
parallel planar surfaces. Likewise, the inside surface 20 and the outside 
surface 22 may be essentially parallel planar surfaces. 

[0022] The gap 12 may extend completely through the ring 10 from the top 
surface 14 to the bottom surface 16, and from the outside surface 22 to the 
20 inside surface 20, thereby defining a gap width 36. The gap width 36 may be 
characterized when the piston ring 10 is installed on a piston, and also when the 
piston is positioned within a cylinder (not shown). 

[0023] FIG. 2 shows a top plan view of the piston ring 10 shown in FIG. 1. 
Referring to FIG. 2, the gap 12 may form a straight cut through the ring, 

25 extending radially along, and parallel to an imaginary line A through a center 
point C of the piston ring 10 (i.e., the center point C is disposed equidistant from 
inside surface 20). Accordingly, line A, which bisects piston ring 10, can be in 
the center of gap 12. Gap 12 thus can be disposed perpendicular to a line T, 
disposed tangent to a point on the outside surface 22. In an embodiment, the 

30 gap width 36 may be about 1 .4 to about 2.0 times larger than a thickness 34 of 



-7- 



PATENT 
H0005110G-1050 



the ring 10, when the piston ring 10 is installed on a piston, and is sealingly fit 
(i.e., disposed in sealing contact) with a cylinder wall (not shown). In an 
exemplary embodiment, the gap width 36 can be from about 0.01 to about 0.02 
inches when the piston ring 10 is installed on a piston. 
5 [0024] In an embodiment, the piston ring 10 may be further characterized 
by a height 18 that can be greater than the thickness 34. As an example, the 
ratio of the height 1 8 to the thickness 34 can be about 4.5 to about 6.4. 
[0025] Referring now to FIGS. 3 and 4, which depict a side view and an 
enlarged detail respectively of the piston ring 10 shown in FIGS. 1 and 2, the 
10 top surface 14 can be disposed essentially perpendicular to the outside surface 
22. The intersection of the top surface 14 and the outside surface 22 can form 
a leading edge 24. In the same way, the intersection of the bottom surface 16 
and the outside surface 22 may form a trailing edge 26. 

[0026] The leading edge 24 may be characterized by a single point 40, or a 
15 locust of points in the shape of an arc 42, which can define a transition from the 
top surface 14 to the outside surface 22. The curvature of arc 42 that 
characterizes the leading edge 24 can thus be represented in terms of a circle 
28 having the same radius 30 as does the arc 42. In an embodiment, the 
leading edge 42 is sharp (i.e., the leading edge approximates a single point 40). 
20 Accordingly, a measure of the sharpness (i.e., lack of curvature) of the leading 
edge 24 may be determined in terms of the radius 30 of the arc 42 which 
characterizes the leading edge 24. As shown in FIG. 4, the radius 30 of the 
circle 28, a portion of which characterizes the leading edge 24, is referred to 
herein as the arc's radius of curvature, which is represented by the radius arrow 
25 30. 

[0027] In one embodiment, the radius of curvature 30 can be less than or 
equal to about 0.002 inches, with less than or equal to about 0.001 inches 
preferred in another embodiment, and less than or equal to about 0.0005 inches 
preferred in still another embodiment. 
30 [0028] In an embodiment, the top surface 14, and/or the bottom surface 16 
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of the piston ring 10 can have a relatively smooth finish to allow for contact 
between the sealing surfaces of the piston (not shown), the piston ring 10, and 
the cylinder wall (not shown). Accordingly, in an embodiment, the top surface 
14, the bottom surface 16, or both, may be finished so as to have a surface with 
5 a roughness less than or equal to about 16 microinches, as determined using 
the root mean square of the average roughness. In another embodiment, the 
top surface 14, the bottom surface 16, or both surfaces can have a roughness 
of less than or equal to about 10 microinches. In still another embodiment, the 
top surface 14, the bottom surface 16, or both, may be finished so as to have a 
10 roughness of less than or equal to about 8 microinches root mean square 
roughness. 

[0029] The piston ring 10 may also comprise one or more grooves or 
recesses 38 formed into the top surface 14, the bottom surface 16, and/or the 
inside surface 20, and/or the outside surface 22. The recesses 38 may be used 
15 to relieve a portion of the pressure exerted on the piston ring 10 while the piston 
ring is being operated within a compressor (not shown). Accordingly, the 
recesses 38 may equalize the pressures exerted on the leading edge 24 (FIG. 
3) and the trailing edge 26 (FIG. 3) of the piston ring 10. 

[0030] As shown in FIG. 1 , the recesses 38 may be disposed in a portion of 
20 three of the four surfaces (e.g., a combination of the inside surface 20, the top 
surface 14, and the outside surface 22, or a combination of the inside surface 
20, the bottom surface 16, and the outside surface 22). Accordingly, the 
recesses 38 may not extend completely through the piston ring 10, but may 
merely extend partially into three of the four surface of the piston ring 10. In 
25 one embodiment, a plurality of the recesses 38 can be substantially equally 
spaced about a circumference of the piston ring 10. 

[0031] In an embodiment, the piston ring 10 can be formed from a material 
capable of providing sealing engagement between a . piston and a cylinder wall 
(not shown) at temperatures up to and including 450°F. In another 
30 embodiment, the piston ring 10 can be formed from a material capable of 



-9- 



PATENT 
H0005110G-1050 



providing sealing engagement between a piston and a cylinder wall (not shown) 
at pressures up to and including about 5000 psi. The material of the piston ring 
10 may also be flexible enough such that upon installation of the piston ring 10 
onto a piston (not shown), the piston ring 10 is not deformed so as to 
5 compromise the fit of the piston ring 10 in an annular recess disposed in a 
periphery of the piston (not shown) of which the piston ring 10 is installed (not 
shown). Accordingly, in an embodiment, the piston ring 10 may have a ductility 
which allows the piston ring 10 to be positioned on a piston without the piston 
ring 10 becoming cracked, fractured, or bent out of shape (i.e., bent into a 
10 second shape different from a first shape which characterized the piston ring 
prior to being positioned on the piston). 

[0032] Since a cobalt based alloy may be a brittle material, the life 
endurance of the piston ring 10 may be a function of wear and fatigue life. 
Fatigue life may be a function of the stress placed on or present within the 

15 piston ring. Accordingly, as wear of the piston ring 10 increases, the piston ring 
10 may become deformed from an original shape. This deformation may thus 
increase or cause additional internal stress within the piston ring 10, for 
example due to additional bending moment. Therefore, the ring thickness 34 
may be important to the lifetime of the piston ring. However, an excessive 

20 thickness 34 of a piston ring may cause the piston ring 10 to be damaged 
during the stretching which may be required for installation onto the piston (not 
shown). Also, an overly thin or reduced thickness 34 of the piston ring 10 may 
result in a reduced wear life. 

[0033] In one embodiment, the piston ring 10 disclosed herein can be 
25 formed from a material comprising cobalt, chromium, tungsten, and carbon. 
This material may be, in one embodiment, a metal alloy comprising about 64 to 
about 68 wt% cobalt (Co). In one embodiment 66 Wt% Co is preferred. The 
material may also comprise about 26 to about 30 wt% chromium (Cr), with 
about 28 wt% Cr being preferred in one embodiment. Further, the material may 
30 comprise about 3.5 to about 5.5 wt% tungsten (W), with about 4.5 wt% W being 
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preferred in an embodiment. The material may also comprise about 0.5 to 
about 2 wt% carbon (C), with about 1 wt% C being preferred in an embodiment. 
The material may also comprise silicon, manganese, and/or molybdenum. In 
one embodiment, silicon (Si) is present in the material at about 1 to about 3 
5 wt%, with 2 wt% Si being preferred; manganese (Mn) may be present at about 
0.5 to about 1.5 wt%, with 1 wt% Mn being preferred; and molybdenum (Mo) 
may be present at about 1 to about 2 wt%, with 1.5 wt% Mo being preferred. 
The material may also comprise less than or equal to about 3 wt% Ni, and/or 
less than or equal to about 3 wt% Fe. 
10 [0034] In an alternative embodiment, a material for use herein may 
comprise about 64 to about 68 wt% Co; about 26 to about 30 wt% Cr; about 3.5 
to about 5.5 wt% W, and about 0.5 to about 2 wt% C. 

[0035] In another embodiment, the material may comprise about 64 to 
about 68 wt% Co; about 26 to about 30 wt% Cr; about 3.5 to about 5.5 wt% W; 
15 about 0.5 to about 2 wt% C, about 1 to about 3 wt% Si, about 0.5 to about 1.5 
wt% Mn, about 1 to about 2 wt% Mo, and/or less than or equal to about 3 wt% 
Ni, and/or less than or equal to about 3 wt% Fe. 

[0036] Yet in another embodiment, the material may comprise about 66.3 
wt% Co; about 28 wt% Cr; about 4.5 wt% W; about 1 .2 wt% C, about 2 wt% Si, 
20 about 1 wt% Mn, about 1 .5 wt% Mo, less than or equal to about 3 wt% Ni, and 
less than or equal to about 3 wt% Fe. A preferred material for use herein is 
commercially available under the trade name Stellite 6B® from Deloro Stellite 
Canada, Inc. 

[0037] The piston ring may have a constant hardness maintained 
25 throughout the number of thermal cycles also known as the recovery hardness 
in a range which minimizes wear of the piston ring itself due to friction and other 
forces experienced during operation, but which also prevents wear of the 
cylinder wall by the piston ring. In an embodiment, the Rockwell C hardness 
scale may be used, wherein a lower Rockwell C value indicates a softer 
30 material relative to a material having a higher Rockwell C value. Materials 
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suitable for use herein as the piston ring 10 may have a Rockwell C hardness of 
greater than or equal to about 37, and less than or equal to about 43 preferred 
in an embodiment. Within this range, a Rockewell C hardness of less than or 
equal to about 42 can be employed, with less than or equal to about 41 
5 preferred in an embodiment. Also preferred within this range is a Rockewell C 
hardness of greater than or equal to about 38, with greater than or equal to 
about 39 more preferred in another embodiment, and greater than or equal to 
about 40 especially preferred in another embodiment. 

[0038] In one embodiment, the material from which the piston ring 10 is 
1 0 formed may inherently comprise a Rockwell C hardness of about 37 to about 43 
such that heat treatment may not be required after machining of the material 
into piston ring 10. In one embodiment, the material may be heat treated to a 
Rockwell C hardness of about 37 to about 43 prior to being machined, and/or 
otherwise formed into the piston ring described herein. In still another 
15 embodiment, the piston ring 10, once formed, may be heat-treated to achieve a 
Rockwell C hardness of about 37 to about 43. 

[0039] It has also been discovered that even though the hardness of the 
cylinder (not shown) may be less than the hardness of piston ring 10, which 
may be thought to induce wearing of the cylinder, the presently claimed 

20 invention may be used in such an apparatus either with, or without the addition 
of an external lubricant (not shown). The method of employing external 
lubrication, such as using an oil sump or an oil mist in the inlet of a pump (not 
shown) were not found necessary to effectively utilize piston ring 10. 
[0040] In an embodiment, a plurality of piston rings on a single piston may 

25 be utilized. In one embodiment, up to about 10 piston rings may be used on a 
single piston. 

EXAMPLES , 
30 [0041] A four stage compressor was utilized in the following examples. The 
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first through third stages produced compressed air at about 1750 psig. The 
fourth stage compressed the air to an outlet pressure of about 5000 psig. The 
temperature of the compressor ranged from ambient to about 500°F during the 
course of the tests. Each cycle was 18 minutes long. After each cycle, the 
5 pressure storage vessel was vented and the testing reset to ambient conditions 
prior to beginning the next test. 

[0042] The tests were conducted both with external lubrication, in the form 
of an oil mist in the inlet of the compressor, and dry, without lubrication. The 
moisture content in the air was also varied from essentially zero, up to about 48 
10 grains of water per pound of air (i.e., a dew point of 0.5°F). The compressor 
was operated at between about 5100 RPM and 5300 RPM, consistent with the 
apparatus used. In each case, one RPM equates to one compression cycle for 
each of the pistons. 

[0043] Examples 1 and 2 each utilized a Co alloy comprising 66.3 wt% Co; 
1 5 28 wt% Cr; 4.5 wt% W; and 1 .2 wt% C. 

[0044] The data are summarized in Table 1 below. 
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[0045] The average wear of the first and second piston ring, coupled with 
the number of cycles, is an indication of the projected useful lifecycles of the 
piston ring. As the data shows, the Examples (1 and 2) provided superior wear 
characteristics (e.g., no detectable wear) then did the comparative piston rings 
5 (Comparative Examples 1-5) when tested under similar test conditions. In 
addition, test data also proved that thinner piston rings (.0085") had less wear 
and last longer than comparable thicker piston rings (.0125"). Accordingly, the 
projected useful lifecycles of the Examples is essentially infinite according to 
these test parameters, and thus far exceeds the projected lifecycles of the 
10 Comparative examples. This superior wear may thus translate into an improved 
lifetime expectancy of the components. 

[0046] It should be understood, of course, that the foregoing relates to 
preferred embodiments of the invention and that modifications may be made 
without departing from the spirit and scope of the invention as set forth in the 
15 following claims. 
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